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Introduction 
The concept of photon acceleration can be used to describe the 
spectral changes experienced by electromagnetic waves when 
they propagate in spatially and temporally varying plasmas1). 
When the space and time scales of the plasma perturbations are 
much larger than the photon wavelength and period, geometric 
optics can be used to describe the motion of the electromagnetic 
wave-packets2). Photons can exchange energy with the plasma 
through the action of the ponderomotive force. In particular, 
light travelling amidst a co-propagating region of temporally 
decreasing (increasing) plasma density will experience a 
redshift (blueshift). In this case, the photon picture can be used 
to describe the decrease (increase) in photon energy3). Photon 
acceleration due to relativistic ionization fronts is well 
documented experimentally, for microwaves4), as well as for 
light in the visible and near-infrared5-7). It has also been studied 
as a diagnostic tool for laser wakefields8). 
When photon acceleration occurs during laser-plasma 
interaction, the following spectral characteristics can be 
observed. First of all, there is an asymmetric shift around the 
central frequency. The bulk of the pulse's photons shift a small 
distance towards the red side, because they lose energy while 
driving the wakefield. A smaller fraction of the photons shift a 
large distance towards the blue side. This is different from the 
case of ionization blueshift, in which the complete spectrum 
shifts towards the blue side, and over smaller distances6, 9). 
There is a visible decrease of the intensity of the blueshifted tail 
with increasing plasma density, which is again something that 
one would not observe with ionization-induced blueshift. Also, 
the (redshifted) central peak in the spectrum is often split, with 
the two tips being separated by less than the plasma frequency. 
Photon acceleration by wakefields is most obvious in 
experiments where the laser intensity is far beyond the 
ionization threshold for most of the interaction, such as the 
interaction of a multi-terawatt pulse with a narrow gas jet. 
Ionization blueshift is most obvious in experiments where the 
laser intensity is just above the threshold for most of the 
interaction, such as in the case of a laser pulse propagating 
through a gas-filled chamber, where it is out of focus most of 
the time9). 
Theory 
In order to study photon acceleration in laser-plasma 
interaction, simulations have been conducted using a photon-
kinetic particle-in-cell (PIC) code3). This code uses the Wigner-
Moyal description for the electromagnetic fields, in which the 
fields are described by the photon number density  
N(t,x,k) = ε(t,x,k)/ω(k).  Here ε denotes the energy density of 
the electromagnetic field and ω(k) is given by the linear 
dispersion relation for electromagnetic wave propagation. For 
the propagation of a laser pulse through a sufficiently 
underdense plasma, it can be shown that the total photon 
number is approximately conserved, leading to the following 
(Liouville) equation for N(t,x,k)2): 
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The factors dx/dt and dk/dt are obtained using ray-tracing 
equations from geometrical optics. Using the dispersion relation 
for electromagnetic waves in plasma, ω2=c2k2 + (e2/ε0me)(n/γ), 
we find dx/dt = ∂ω/∂k = c2k/ω and dk/dt = −∂ω/∂x =  
−(1/ω) (e2/ε0me) ∂(n/γ)/∂x. Here, γ denotes the relativistic 
Lorentz factor due to plasma electron motion. Approximating N 
by a large number of macro-particles, where each macro-
particle represents a fixed number of photons, the above 
equations allow one to follow the evolution of N by means of a 
kinetic model, in which the motion of each macro-particle is 
governed by ray-tracing equations. 
For laser-induced wakefield generation without plasma electron 
self-trapping and negligible plasma heating, it is sufficient to 
use a non-linear relativistic cold-fluid model to describe the 
plasma motion. In this model, plasma perturbations are driven 
by the laser ponderomotive force10): 
( ) )(
),,(
2
;
2 3
3
2
22
k
kxtNkdA
cm
eAcmF
e
e
p ωπγ ∫=⎟⎟⎠
⎞
⎜⎜⎝
⎛∇−=        (2) 
Assuming that the transverse electron motion is dominated by 
the fast quiver motion in the laser field, while the longitudinal 
motion is dominated by the slow wake-field oscillations, we 
find that  221 Apx ++=γ  and ( ) 221 AFp ∇−= γ , angular brackets 
denoting the average over the fast laser oscillations, and the 
one-dimensional electron fluid equations (with static ions) 
reduce to: 
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Equations (1)-(3) allow us to describe the excitation of a 
wakefield by a laser pulse propagating through a plasma in a 
self-consistent way. Computer simulations based on these 
equations have been conducted, and the results are discussed 
below. The choice of parameters for the simulations has been 
inspired by the “dream beam” experiments that ultimately led to 
the first observation ever of a mono-energetic bunch of 
electrons accelerated to about 100 MeV in a laser-induced 
plasma wave11, 12). In accordance with these experiments, it has 
been assumed that the pulse travels through pre-ionised plasma 
for the entire duration of the interaction, removing the need to 
simulate the ionization. 
Simulation results 
Figure 1 shows the time history of the simulation phase space. 
The green dots denote the photon macro-particles at the 
beginning of the simulation. The red dots represent the photons 
after various propagation distances. The black line represents 
the generated wakefield density perturbation. Initially (Fig. 1a), 
a wakefield is generated with amplitude close to its predicted 
value for a non-linear plasma wave for the given initial 
intensity. As the pulse propagates through the plasma, photons 
at its front and centre, that drive the plasma wave, become 
decelerated. Photons at the back of the pulse do not take part in 
the excitation of the wake. However, being near the  
back of the wake wave bucket, these photons experience  
a time-dependent increase in the plasma density,  
resulting in an increase in their frequency. In the initial stage, 
this is seen as the spectrum splitting into two peaks around the 
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fundamental frequency (Figure 1a). The upshift of the photons 
continues to a greater extent at later times, resulting in the peak 
on the blue side being spread into a plateau. 
The spectra produced after propagation of 750 µm for various 
densities is shown in Figure 2. At lower densities (not shown in 
Figure 2), the length of the first trough of the wake is such that 
only a few photons are eligible to be accelerated, and there is no 
significant blue-shifted plateau in the spectrum. When the 
density is increased, so that the length of the first wave bucket 
decreases, more of the tail of the laser pulse fits into the 
accelerating phase of the wave. This results in the number of 
accelerated photons increasing markedly.  
For the range of densities used in our simulations, the pulse 
covers more than one plasma wave bucket, and as the plasma 
wave length changes with the square root of the density, the 
number of photons eligible for acceleration will not vary too 
much between the lowest and highest density used. However, 
since the rate of evolution of the pulse increases with increased 
density, one expects to see an increase in the maximum photon 
blueshift, i.e. in the spectral width of the blueshifted shoulder. 
As the total number of photons in the blueshifted shoulder does 
not vary much, an increase in spectral width must necessary 
lead to a decrease in intensity of the shoulder. This is well 
reflected by the results from both simulations and experiments, 
where it can indeed be observed that the width of the 
blueshifted shoulder increases with increased density, while its 
intensity drops. 
Simulation results exhibiting a split main laser peak are 
displayed in Figure 3, for a plasma background density of  
(a) 0.9 · 1019 cm-3 and (b) 1.9 · 1019 cm-3. While the density is 
lower than before, the laser intensity is higher, (a0 = 1.1) in 
order to have a comparable lowest order evolution of the laser 
pulse while avoiding nonlinear saturation, which might confuse 
the picture. In both Figures, we see a frequency split in the 
transmitted light around ω0. This is the result of the laser 
modulational instability, which drives the wakefield and causes 
a `wiggle' in the photon distribution which gets progressively 
larger towards the tail of the pulse. By this mechanism, the 
photons at the tail of the pulse are shifted beyond the `split 
peak' stage and evolve into a shoulder. As the pulse propagates, 
photons at the head of the pulse, which were downshifted 
during production of the wake, are up- and down-shifted with 
respect to each other. Towards the end of the interaction, this 
`wiggle' at the front of the pulse becomes larger than the laser 
bandwidth, allowing the `split peak' to appear once more. The 
decreased plasma density causes non-linear saturation of the 
acceleration process to be postponed, leading to a cleaner 
photon spectrum after the interaction. 
Conclusions 
In conclusion, we have performed numerical studies of photon 
acceleration by laser-driven plasma waves. The three main 
features that distinguish this type of photon acceleration from 
blueshift induced by ionization fronts are the asymmetric 
redshift/blueshift, the intensity decrease of the blueshifted tail 
with increasing plasma density, and the split fundamental peak. 
By means of photon kinetic numerical treatment, enhanced 
insight into the photon acceleration process could be gained, 
and the origin of the observed features uncovered. When 
coupled to experimental results, photon kinetics will prove to be 
a powerful diagnostic of large amplitude plasma waves, of 
significant interest to plasma-based laser acceleration schemes. 
 
Figure 2. Simulation results showing the optical spectra as a 
function of plasma density. A decrease in blue-shift intensity is 
seen as the density increases.  
 
Figure 3. Examples of spectra exhibiting a split main peak, at a 
plasma density of (a) 0.9 · 1019 cm-3 and (b) 1.9 · 1019 cm-3. The 
central frequency is at 2.4 · 1015 rad/s. 
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Figure 1. Phase space plot when the laser pulse has
propagated a) 200 b) 500 c) 750 and d) 1000 µm in a
plasma of density 3.6 · 1019 cm-3. 
